Viruses of the genus Henipavirus of the family Paramyxoviridae are zoonotic pathogens, which have emerged in Southeast Asia, Australia and Africa. Nipah virus (NiV) and Hendra virus are highly virulent pathogens transmitted from bats to animals and humans, while the henipavirus Cedar virus seems to be non-pathogenic in infection studies. The full replication cycle of the Paramyxoviridae occurs in the host cell's cytoplasm, where viral assembly is orchestrated by the matrix (M) protein.
INTRODUCTION
The genus Henipavirus is classified in the family Paramyxoviridae comprising emerging viral pathogens Nipah virus (NiV) and Hendra virus (HeV), which were initially detected in Southeast Asia and Australia [1, 2] . NiV and HeV are the causative agents of zoonotic viral disease outbreaks [2] [3] [4] and are indigenous to fruit bats of the genus Pteropus. Each virus has been associated with limited outbreaks, with an average fatality rate of 40-70 % in domesticated animals and humans. In 2012, a new member of the genus Henipavirus, Cedar virus (CedV), was identified in Australian bats and appears to be non-pathogenic, failing to cause any clinical symptoms in guinea pig and ferret animal models [5] . Additional members recently assigned to the genus Henipavirus have been discovered in Africa, Asia, South America and Central America, indicating that they may have a worldwide distribution [6] [7] [8] . In particular, two viruses, Kumasi virus (KV; GHM74a) and Mojiang virus (MojV), have been identified in Ghana and China, respectively [7, 9] . However, KV and MojV have not been isolated from their expected hosts (bats and rodents, respectively), and therefore their level of pathogenicity has not been established.
Virions of Paramyxoviridae contain a single molecule of a linear, negative-sense ssRNA. Henipaviruses are distinguished from other paramyxoviruses by a large genome approximately 18 240 nt in length, which is more than 10 % larger than the average genome size of other members of the Paramyxoviridae family [10] . Henipavirus particles are 150 nm or more in diameter, pleomorphic but usually spherical in shape. The viral particles consist of a lipid envelope surrounding a helical nucleocapsid, which is approximately 18-19 nm in diameter and up to 1000 nm in length. The negative-sense ssRNA genome is associated with the RNA-binding nucleoprotein, the phosphoprotein and viral polymerase. The envelope is derived from the host cell plasma membrane by budding and contains two membrane glycoproteins, the attachment protein G and the fusion protein F, which are essential in initiating viral attachment and entry [2, [11] [12] [13] . The matrix (M) protein of the Paramyxoviridae is a non-glycosylated protein associated with the inner face of the envelope interacting with the nucleocapsid and the integral membrane proteins.
During viral replication, the M protein coordinates viral morphogenesis and budding [14, 15] . Several studies have demonstrated that the M proteins from members of the family Paramyxoviridae self-assemble into secretion-competent virus-like particles (VLPs) to varying degrees, including NiV [16, 17] , Sendai virus (SeV) [18] , human parainfluenza virus type 1 (hPIV1) [19] , Newcastle disease virus (NDV) [20] and measles virus (MeV) [21] . In contrast, the mumps virus (MuV) M protein requires the presence of other viral proteins for efficient VLP production [22] , while parainfluenza virus 5 (PIV5; simian virus 5) M protein is entirely dependent on other viral structural proteins to support VLP synthesis [23] , indicating possible differences in the paramyxovirus virion assembly process.
Two motifs in the NiV M protein have been identified as sequences involved in M VLP budding in the absence of virus replication or other viral proteins but appear to be unaffected by the dominant-negative Vps4, which constitutes an essential criterion for ESCRT (endosomal sorting complex required for transport) dependence [16, 24] . NiVand HeV-M protein trafficking, however, is assisted by their interaction with the AP-3 adapter protein complex, which facilitates the trafficking of membrane proteins between endosomal compartments [25] . In contrast to NiV-M protein budding in the absence of other viral factors, NiV budding during infection is ESCRT dependent and is determined by the ability of the viral C protein to recruit the ESCRT factor Tsg101 [26] .
Although all family members of the Paramyxoviridae replicate in the cytoplasm, the M proteins encoded by SeV, NDV, NiV, and also human respiratory syncytial virus (hRSV), a member of the family Pneumoviridae [6] , are able to undergo nucleocytoplasmic trafficking [27] [28] [29] [30] [31] [32] [33] . Interestingly, NiV-M protein nuclear translocation is driven by a bipartite nuclear localization signal (NLSbp; residues 244-258), and subsequent monoubiquitination of the NiV-M residue Lys258 appears to be essential for cellular membrane engagement and VLP production [32] . Nuclear localization of paramyxovirus M proteins may thus be a requirement to facilitate the virion assembly process and budding.
Results from this study demonstrate that the M proteins of different members of the Henipavirus genus share the ability to localize to the nucleus to varying degrees, especially in a pteropid bat cell line. Furthermore, the M protein NLSbp plays an important role in its cellular localization and correlates with VLP budding ability, which is consistent with previous reports [32] . Contrarily to the henipaviruses NiV-M, HeV-M, CedV-M and MojV-M proteins, KV-M appears to have a non-canonical NLSbp, which may partly contribute to its inability to effectively translocate to the nucleus. These results, however, indicate that the nuclear trafficking and budding ability of henipavirus M proteins is highly conserved, suggesting that it is an essential phase of the virion life cycle.
RESULTS
Sequence analysis of the M proteins from henipaviruses To establish the relationship of the M proteins expressed by the henipaviruses, sequence alignments of M proteins derived from selected members of the Paramyxoviridae family were performed (Fig. 1) . The M proteins of HeV and NiV have a sequence identity of 90 %, demonstrating a close relationship between the prototype henipaviruses. A higher degree of sequence variation (60-63 %) exists between the M proteins encoded by the prototype henipaviruses compared to CedV, MojV and KV (GH-M74a virus). The percentage identity of the M protein sequences between CedV, MojV and KV ranges between 57.6 and 59.8 %, suggesting a diversification, which is also indicated by the different sizes of the CedV-M, KV-M and MojV-M proteins (360, 343 and 340 aa, respectively) ( Table 1) .
Sequence motifs that assist viral budding have been previously identified in the M proteins of Paramyxoviruses, including two motifs, 'YMYL' and 'YPLGVG', which have been mapped in the NiV-M protein [16, 24] . The sequence analysis indicates that the tyrosine residues of the 'YMYL' motif are conserved between the henipaviruses (Fig. 1) . Similarly, the proline, glycine and valine residues of the 'YPLGVG' domain are conserved, suggesting that the sequences may have retained their activity.
Studies to characterize nucleocytoplasmic trafficking of the NiV-M protein revealed the importance of the NLSbp sequence not only for nuclear import and export but also for plasma membrane targeting to facilitate budding events [32, 34] . Within the henipaviruses, the NLSbp region is composed of two motifs (NLSbp1 and NLSbp2), which are conserved and rich in basic positive residues (lysine or arginine) (Fig. 1) . The lysine residue at position 258 of the NiV-M protein, which is crucial for nucleocytoplasmic trafficking and engagement of the plasma membrane of the M protein [32, 34] , is conserved at equivalent positions within all the analysed henipaviruses (Fig. 1) . Unlike other henipavirus M proteins, the NLSbp sequence of the KV (GH-M74a virus)-M protein contains a serine residue within NLSbp2, instead of a positively charged lysine or arginine residue at the equivalent position, which may reduce the overall strength of the potential import signal (Fig. 1) . The conservation of the NLSbp2 motif, especially the K258 residues (NiV/HeV) or at the equivalent positions K267 (CedV) and K246 (MojV, KV), indicates that the ability to traffic to the nucleus is likely to be shared among the henipavirus M proteins.
M proteins from henipaviruses translocate to the nucleus of human and bat cell lines Nuclear translocation of NiV-M protein has been shown to be essential for plasma membrane targeting and viral budding [32, 34] . To investigate whether nuclear localization is common to all known M proteins encoded by were aligned using CLUSTAL Omega (version 1.2.0). NLS, nuclear localization signal; NES, nuclear export signal; BA-domain, motifs identified as being associated with budding. NLS sequences are generally composed of positively charged residues. NLSbp constitutes a bipartite NLS sequence with the motifs encircled. The lysine residue, identified as a site for ubiquitination, is indicated by an asterisk.
henipaviruses, the M proteins from HeV, NiV, CedV, MojV and KV (GH-74a virus) fused to GFP were expressed in transiently transfected HeLa cells, which support the full life cycle of NiV and HeV [5, 11, 35] . Contrarily, MeV-M protein is a predominantly cytoplasmic protein, with a small percentage of protein detected in the nucleus in transfected or MeV-infected cells [36] [37] [38] . Kidney cells (PaKi) derived from the bat host (Pteropus alecto), which support virus replication, were also examined to determine host-specific differences. The subcellular localization of GFP-tagged HeV-M, NiV-M, CedV-M, MojV-M, KV-M or MeV-M proteins was analysed 18-22 h post-transfection by live-cell confocal scanning laser microscopy ( Fig. 2 ). Cells were counterstained with Hoechst to visualize the nucleus.
The tested henipavirus GFP-M proteins were not only detected in the nucleus, localizing within the nucleoplasm, but also in discrete, punctate spots in the nucleoli in both HeLa and PaKi cells (Figs 2a, b and S1, available in the online Supplementary Material). GFP alone showed an even and non-specific distribution across the nucleus and cytoplasm, likely due to its diffusion through the nuclear pore complex. The extent of nuclear accumulation (within the nucleoplasm) compared to the cytoplasm for each GFP-M protein was quantified by calculating the ratio of nuclear to cytoplasmic fluorescence (Fn/c; see Methods) ( Fig. 2c) .
With the exception of KV-M protein, each of the different M proteins from henipavirus had an Fn/c ratio of !1 in both human and bat cells, which is indicative of nuclear accumulation. The KV-M protein was also detected in the nucleus but remained predominantly cytoplasmic in HeLa cells or close to an equal distribution Fn/c in PaKi cells, indicated by an Fn/c ratio of 0.6 and 0.95, respectively (Fig. 2c ). This is possibly influenced by the non-conservative change of a positively charged amino acid to serine in the NLSbp2 sequence, resulting in an NLSbp sequence with reduced activity.
All henipavirus M proteins appear to effectively engage the outer membrane in both HeLa and PaKi cell lines, as observed by the accumulation of GFP-M fusion protein at the plasma membrane ( Fig. 2a, b ). This effect was not observed with GFP alone, suggesting that correct folding of the GFP-M proteins had occurred, allowing proper trafficking of the M proteins to the plasma membrane in preparation for VLP production. As a result of GFP-M expression, filamentous extensions from the plasma membrane of HeLa cells were seen; however, it is interesting to note that similar membrane extensions were not observed in PaKi cells, possibly indicating differences in M protein engagement of the cell membrane (Figs 2a, b and S2). These results indicate that the M proteins from henipaviruses share the ability to traffic to the nucleus in both human and bat cells to varying degrees, and engage the cell membrane. Compared to the NiV-M, HeV-M, CedV-M and MojV-M proteins, however, the ability of the KV-M protein to traffic to the nucleus seems to be compromised.
Mutation of KV (GH-M74a virus)-M NLSbp2 does not entirely restore its ability to translocate to the nucleus
To investigate whether the KV-M protein has a reduced nuclear presence due to the serine residue (S244) within the NLSbp2 motif, we generated GFP-fused KV-M protein mutant derivatives S244R and S244K in order to create an NLSbp2 similar to that of NiV-M and HeV-M, respectively. The subcellular localization of GFP-fused KV-M was analysed using live-cell confocal microscopy, which showed that mutation of KV-M S244 to lysine (K) or arginine (R) significantly (P<0.001) increased the nuclear localization of KV-M, but not to the extent observed for the other henipavirus M proteins (Fig. 3 ). This suggests that while residue S244 may reduce KV-M nuclear translocation, it also indicates that additional factors may be required for efficient nuclear accumulation of henipavirus M proteins.
Henipavirus M proteins are secretion competent to varying degrees The M proteins expressed by Paramyxoviridae orchestrate the viral budding process through interactions with the envelope glycoproteins and the ribonucleoprotein complex [39] . Expression studies of M proteins derived for NiV, MeV, NDV and SeV and hPIV1, but not MuV, demonstrated that they are secretion competent and form VLPs [16] [17] [18] [19] [20] [21] [22] . To investigate whether M proteins encoded by henipaviruses are assembly competent and bud into the cell culture medium, HEK293T cells were transfected to express GFP-M proteins. After 48 h post-transfection, the cell lysate and cell culture supernatant were harvested for Western blot analysis to detect GFP-M proteins using an anti-GFP antibody. GFP-M VLPs present in the cell culture medium were partially purified by an ultracentrifugation step (see Methods).
Proteins of the expected molecular weight for each GFP-M protein (67-70 kDa) were observed (Fig. 4a) . Analysis of the supernatant samples showed that all henipavirus-derived M proteins are secretion competent. This is in contrast to GFP alone, which was detected at the correct molecular weight (27 kDa) in the lysate, but not in the supernatant, indicating that the presence of GFP-M protein in the supernatant did not result from cell lysis post-transfection or supernatant collection. The secretion competency index was determined by measuring the band intensity of GFP-M and calculating the ratio of GFP-M protein in the lysate versus the supernatant (normalized to the NiV-M protein)
. The experiments to demonstrate secretion were repeated, and MojV-M and KV-M proteins consistently showed low secretion competence. The quantification of the Western blot (Fig. 4a) indicates that HeV and NiV encode highly secretion-competent was calculated as described in Methods (mean ± standard error, n=40-60 cells). Results shown are from a single experiment, representative of three independent assays. P<0.001 indicated by **. M proteins, with significantly (P<0.05) lower amounts detected for the CedV-M, MojV-M and KV-M proteins (Fig. 4b) . Thus, the secretion efficiencies may differ between the M proteins encoded by the different henipaviruses.
GFP-KV-

Nuclear localization of the M protein in human and bat cells depends on a key lysine residue within the NLSbp2 motif
The lysine residue at amino acid position 258 of the NLSbp2 motif plays a key role in the nucleocytoplasmic trafficking and membrane association of the NiV-M protein [32] . M proteins derived from a pathogenic henipavirus, NiV, the non-pathogenic representative, CedV, and other members of the genus henipavirus, MojV and KV (GH-M74a virus), were selected for comparative studies using WT M proteins and mutant derivatives thereof, to assess whether the NLSbp2 sequence has a comparable importance for the cellular distribution of the M proteins in both human (Figs 5 and 6) and bat cells (Fig. 7) . Accordingly, the positively charged lysine residue was converted to a non-polar alanine residue (mutant proteins NiV-M K258A and CedV-M K267A) or positively charged arginine residue (mutant proteins NiV-M K258R and CedV-M K267R) (Fig. 5a ). Live-cell imaging studies were performed as described for Fig. 2(a) . Texas red-conjugated wheat germ agglutinin (WGA) plasma membrane stain was also included to confirm the co-localization of the M proteins with the plasma membrane.
Consistent with the studies shown in Fig. 2(a) , NiV-M and CedV-M WT proteins were localized to the nucleus and associated with the cell membrane (Fig. 5b) . Analysis of NiV-M K258A and CedV-M K267A localization in HeLa cells showed that both mutant proteins did not accumulate in the nucleus, correlating with a significant (P<0.0001) reduction in nuclear accumulation in comparison to WT proteins (Fig. 5c ). To assess whether the substitution of the key lysine residue with a positively charged residue arginine is sufficient for the nuclear targeting function of the NLSbp motif, comparative studies with GFP-fused NiV-M K258R and CedV-M K267R mutant proteins were performed. While the nuclear accumulation of NiV-M K258R significantly (P<0.001) increased compared to NiV-M WT, CedV-M K267R also had a significantly (P<0.0001) increased nuclear accumulation compared to CedV-M K267A but not to the same level as WT CedV-M protein (Fig. 5b, c) , suggesting that the presence of a positive residue at position 258 is sufficient for nuclear import.
Interestingly, both cytoplasmic NiV-M K258A and CedV-M K267A proteins as well as the nuclear NiV-M K258R and CedV-M K267R proteins did not accumulate at the plasma membrane of HeLa cells. Colocalization of the GFP-and Texas red-conjugated WGA membrane stain in HeLa cells was not observed, and unlike WT M proteins, the mutant proteins did not induce filamentous membrane extensions in HeLa cells. The data suggest that the key lysine residue in NLSbp2 is important for engagement of the M protein at the plasma membrane. Similar results were observed using a HEK293T human-derived cell line (data not shown), demonstrating the importance of the NLSbp2 sequence for NiV-M and CedV-M protein nuclear localization. On: Mon, 07 Jan 2019 09:22:39 Additional studies were performed to assess the cellular distribution of the M proteins derived from KV (GH-M74a virus) and MojV. Similar to the other henipaviruses, MojV-M contains an NLSbp2 sequence with three positively charged amino acids, in contrast to KV-M, which contains a serine residue in addition to lysine and arginine (Fig. 6a) . Consistent with the NiV-M and CedV-M proteins, MojV-M WT and MojV-M K246R proteins localize to the nucleus to similar levels, which is significantly (P<0.0001) reduced in the presence of an alanine residue (MojV-M K246A). In addition, MojV-M WT protein was able to engage the cell membrane and induce filamentous extensions, but not the mutant M derivative (Figs 6b and S2) . In contrast to the other M proteins, KV-M WT protein appeared to be predominantly cytoplasmic (Fn/c=0.65) and thus substitution of the lysine residue with alanine (KV-M K246A) did not significantly further reduce the Fn/c ratio. Despite this, substitution of lysine with the positively charged arginine residue resulted in a significantly (P=0.001) increased Fn/c ratio (Fn/c=0.8; Fig. 6 ).
To determine the secretion competence of NiV-M and CedV-M NLSbp2 mutant proteins, Western blot analysis was performed to detect M protein products in the cell culture supernatant of HEK293T cells, as described previously.
In both supernatant and lysate samples, proteins of the expected molecular weight for each WT GFP-M protein (64-67 kDa) were observed (Fig. 5d) . The NiV-M K258A/ K258R and CedV-M K267A/K267R proteins were detected in the cell lysate but were not detected in the cell culture supernatant (Fig. 5d) . These data are consistent with the live-cell confocal imaging results, with no evident association of the mutant proteins with the cell membranes of HeLa cells (Fig. 5b ) or HEK293T cells (data not shown).
The results indicate that both the alanine and arginine substitutions compromise the budding competence of the henipavirus M proteins, demonstrating that the key NLSbp2 lysine residue is important for henipavirus M protein trafficking to the membrane to initiate VLP assembly.
To determine whether there are potential host-specific differences regarding the nuclear/cytoplasmic distribution of the M proteins, studies were performed in PaKi cells. Similar to the results obtained with human-derived cells, both mutant NiV-M K258A and CedV-M K267A proteins showed a significant (P<0.0001 and P<0.05, respectively) reduction in nuclear accumulation (Fig. 7a, b) . Replacing lysine with arginine (NiV-M K258R and CedV-M K267R) allowed accumulation of the M proteins in the nucleus (Fig. 7a, b) , consistent with the findings in human cells. These observations suggest that the cellular distribution of the M protein, and possibly trafficking requirements, is not species or tissue specific.
DISCUSSION
The M protein plays an important role in the orchestration of viral assembly and budding of Paramyxoviridae from host cells [14] ; however, the ability of the M proteins to bud and to form VLPs differs among the members of the Paramyxoviridae family. Wang et al. [32] showed specifically that NiV-M protein engagement of the cell plasma membrane and subsequent VLP formation were dependent on its nuclear trafficking and were subsequently confirmed for HeV, SeV and MuV [34] . Here, we demonstrate that this is a conserved feature of the M proteins encoded by the genus Henipavirus, observed in both human and bat cells.
The nucleocytoplasmic trafficking of NiV-M and HeV-M proteins, in addition to secretion competence, is regulated by an NLSbp motif, which is post-translationally modified through mono-ubiquitination of the NLSbp K258 residue [32, 34] . This mechanism also appears to be conserved in Respirovirus (SeV-M) and Rubulavirus (MuV-M), but not for a representative of Avulavirus (NDV-M) and Morbillivirus (MeV-M) [32, 34] . Our data indicate that while the NLSbp is functionally conserved across known henipaviruses, differences exist regarding the extent of the nuclear localization within the genus Henipaviruses. The presence of a positively charged residue (lysine/arginine) in the NLSbp2 motif seems to be essential for nuclear localization for NiV-M, CedV-M and MojV-M proteins, in contrast to MeV-M and KV-M proteins (Figs 1 and 6 ) [36, 37] . Despite this, a small proportion of the MeV-M protein was detected in both COS-7 cells transfected to express MeV GFP-M and cells infected with MeV [38] . Similarly, a small percentage of KV GFP-M seems to be present in the nucleus of transfected human and bat cells (Fig. 2a, b) . The different proportions of the investigated M proteins being nuclear indicate that additional structural constraints or differences in interacting with cellular factors, especially between human and bat cells, may influence the cellular localization of the M proteins. Consistently, the change of the noncanonical KV-M NLSbp motif 'SRK' to 'KRV' or 'RRV'
increases the Fn/c ratio ( Fig. 3) but not to the level as observed for HeV-M, NiV-M, CedV-M and MojV-M proteins (Fig. 2) , suggesting that additional factors may determine the cellular distribution of the Paramyxoviridaeencoded M proteins.
The nuclear presence of the M protein seems to be a common feature for members of the genus Henipavirus, including some members of different Paramyxoviridae genera. It is likely that nuclear localization of the GFP-M fusion proteins is due to active transport by the cellular importin nuclear transport family, as the size of the GFP-M fusion proteins (67-70 kDa) is above the limit for passive diffusion [40] , whereas GFP alone (27 kDa) is known to passively diffuse into the nucleus [41] . Furthermore, it is interesting to note that all henipavirus GFP-M fusion proteins appeared to concentrate in discrete regions within the nucleus (Fig. 2a, b) , consistent with patterns of nucleolar localization. Localization of viral proteins in the nucleolus during viral replication has been observed to occur for other paramyxoviruses, including the NDV-M protein; however, the purpose of NDV-M in the nucleolus is unknown [34, 42] .
The secretion competence of the M proteins expressed by the henipaviruses was confirmed, although the level of secretion competency varied between species (Fig. 4) . NiV-M and HeV-M proteins were highly competent to selfassemble and to bud compared to CedV-M, MojV-M and KV-M proteins, which have a reduced secretion competence index compared to the NiV-M protein (Fig. 4) . The reduced budding ability of the KV-M protein is possibly inherited by a lysine-to-serine change in the NLSbp2 region compromising the nucleocytoplasmic trafficking, which may contribute to a higher proportion of M proteins localized in the cytoplasm and unable to engage the plasma membrane. CedV-M, MojV-M and KV-M may require additional viral proteins to achieve optimum secretion levels while trafficking through the same assembly pathways as HeV-M and NiV-M. This has been shown for MuV-and SeV-M proteins, which require co-expression of other structural proteins for efficient engagement in secretion pathways [22, 43] . Sugahara et al. [43] demonstrated that the integrity of a SeV-M protein-driven budding process is supported by viral structural proteins, but also that VLP release is enhanced in the presence of the non-structural viral C protein. In the context of virus replication and release of the complete NiV, budding is dependent on the ESCRT pathway and is assisted by the NiV-C protein interaction with NiV-M protein and recruiting of the ESCRT-I factor Tsg101 [26] . Also, the nuclear phosphoprotein ANP32B involved in nuclear export has been identified as a NiV-M protein target [44] as well as an adaptor protein (AP3B1), which plays a role in the trafficking of membrane proteins between different endosomal compartments [25] . It is feasible that the differences regarding cellular distribution (Fn/c) and secretion competence of the investigated M-proteins may be modified and/or compensated in the context of the complete virus by interacting with viral and host factors.
Cytoplasmic and nuclear localization appears to be a general feature for all henipavirus species, as tested in human and bat cell lines. Although further work is required to identify specific importins that may interact with the M protein, this study suggests that the inability of the henipavirus M proteins to translocate to the nucleus and finally engage the plasma membrane is detrimental to efficient budding and thus the viral replication cycle. Further understanding of M protein nucleocytoplasmic trafficking, importantly the M protein interaction in the context of the replicating virus [26] , is therefore required as it may represent a potential drug target for therapeutic treatment in a clinical setting as seen for the paramyxovirus hRSV or human immunodeficiency virus [45] .
METHODS
Cells and transfection
HeLa and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FCS, 292 µg Glutamax-1 ml
À1
, 100 U penicillin ml
, 100 µg streptomycin ml À1 and 25 mM HEPES. The kidney pteropid bat cells (PaKi) were cultured in DMEM supplemented with F12-Ham (Sigma-Aldrich), 10 % FCS, 292 µg Glutamax-1 ml
, 100 U penicillin ml À1 and 100 µg streptomycin ml À1 , as previously described by Crameri et al. [46] . All cell lines were incubated at 37 C with 5 % CO 2 . HeLa and PaKi cells were grown to a confluency of 70-80 % on glass coverslips prior to transfection using Lipofectamine 2000 (Life Technologies) as per the manufacturer's instructions. HEK293T cell transfection was performed using 1 µg µl À1 polyethylenimine (PEI) (Polysciences) at a volume based on a 3 : 1 ratio of PEI (µg) to total DNA (µg).
